ABSTRACT This paper proposes a simple and low-cost brightness and color control method for a wireless light emitting diode (LED) system. Since the open circuit voltage of the LED in the secondary side is approximately constant, the average current flowing through the LED reflects the average power received from the proposed wireless power transfer system. The brightness of the LED is adjusted by using a pulse width modulation (PWM) average power control method from the primary side directly. The same inductively coupled channel is utilized to establish a wireless communication channel to control the LED color based on a time-division multiplexing method. A wireless communication protocol is defined, and the worst-case condition for designing the primary PWM modulator identified to avoid the misinterpretation by the secondary demodulator between the power regulation and signal transfer. Experimental results have demonstrated the whole dimming capability of the proposed system with full range duty cycle regulation, and a three digit wireless communication channel developed in this paper can effectively control the selection of eight colors.
I. INTRODUCTION
Wireless power transfer (WPT) technology can be used to transfer electricity to a load without direct electric connections, so it can create load isolation and reduce the risks of sparking. It provides a safe working capability under environments prone to flames and explosives [1] , [2] . Compared with incandescent bulbs, LED lighting has significant advantages in lighting efficiency, life span and energy saving. Therefore, the combination of the LED lighting technology and WPT can provide safe and reliable lighting in some special environments such as munitions depots, painting workshops and flour mills [3] - [5] .
Because the brightness and color of an LED can affect the working environment, the smart LED lighting system usually requires the ability to adjust the brightness and color at the same time. These functions are commonly referred to as dimming control and color control. There are many approaches to achieving LED dimming control, such as the methods of thyristor, pulse width modulation (PWM) and analog. The thyristor method is widely used in electric incandescent lamp applications. Its main drawback is the requirement of a minimum working current to avoid a repeated on and off, which will be escalated in a low-power and high efficient LED lighting application. Analog dimming adjusts the brightness by changing the forward current to the LED. This approach utilizes a simplistic circuit, but is difficult to maintain a constant color temperature. The PWM dimming method is realized by using a high-frequency switching to adjust the average current flowing through the LED. This method greatly reduces color temperature variations in the LED with different brightness levels. The LED color adjusting technology can be divided into two strategies: the PWM color mixing method and the analog modulation method. Compared with the latter, the PWM color mixing control is easiest to integrate with a digital system. The power line communication (PLC) technology has been successfully implemented in home automation, where the digital control data is transmitted over the power line network [6] , [7] . Therefore, a digital control method for the WPT LED lighting system should be investigated.
To transfer the control messages, the secondary side requires a communication module to receive the relevant information. In recently years, the investigation of WPT systems that incorporate data communication has attracted lots of attention [8] - [15] . Using traditional Bluetooth modules or radio frequency chips to realize communication needs and address matching process between communication modules is not convenient in LED lighting applications [8] . Realization of the WPIT (Wireless power and information transmission) by using the harmonic components has been proposed in [10] and [11] . In [12] , a WPIT system uses multiple carriers in a single inductive link to estimate the distance of the two coils. In [13] , a WPT system of two sets of coils with different working frequencies are used to achieve WPIT.
The mentioned WPIT methods in the past literatures require relatively complicated structures with higher cost. They are difficult to apply in LED lighting system which is sensitive to cost and requires easy maintain. When a WPT system needs to transmit information with a certain communication baud rate, the state of transferring power is defined as a digital signal '1'; On the contrary, the other state means a digital signal '0'. The effect of communication function on brightness can be neglected as only a small amount of information needs to be transferred in the LED lighting system. Therefore, the time-division multiplexing method is a simple and reliable option for realizing the transmission of power and information in LED lighting systems. This paper proposes a simple and cost effective method to control the brightness and color of WPT LED lighting by combing the wireless power and signal transfer via the same inductive coupling interface. Section II describes the topologies and characteristics analysis of the WPT system used for LED lighting. The detailed working modes of the topology and efficiency estimation are given. The proposed dimming and color control techniques are discussed in Section III. A complete decoupling control method is proposed with the consideration of the communication protocol between the dimming and color functions. Section IV verifies the above analysis through application of a WPT LED prototype. Conclusions of the proposed WPT LED lighting are given in Section V.
II. PROPOSED ARCHITECTURE
A. CIRCUIT CONFIGURATION Fig. 1 shows the proposed WPT LED lighting system. It consists of two main parts: a transmitting circuit and a receiving circuit. In the transmitting circuit, a driving signal with a fixed frequency f s is generated by a signal generating module. If f s equals to the resonant frequency f o of the transmitting circuits and the receiving circuits, the wireless energy can be transferred efficiently from the transmitter side to the receiving side. In the receiving circuit, the trichromatic LED blocks with Red, Green and Blue (RGB) colors are controlled by switches of S 2 , S 3 and S 4 respectively, and different colors can be generated by using the duty cycle control method.
The microcontroller unit (MCU) can generate a low frequency control signal according to the requirement of dimming or communication. The demodulation circuits in the secondary side detect the envelope of the signals and decipher the color information. The brightness of LED lighting is adjusted by the proposed average power control method.
B. BASIC OPERATING PRINCIPLE
The transmitting circuit in Fig.1 is composed of a resonant capacitance C 1 , an inductor L 1 and a parasitic capacitance C p in a switch S 1 . According to the state of the main switch S 1 , the circuits can be divided into two modes in a switching period.
Main switch S 1 turns on at t 0 . Under the input voltage V in , the current i L 1 increases linearly according to (1) . In this mode, the voltage across the capacitor u C 1 = V in keeps constant. The relationships of the circuit in the primary
The switch S 1 turns off at t 1 . In this mode, V in , L 1 , C p and C 1 form a resonant circuit, the following relationships in the primary side can be obtained
C. THE CHARACTERISTICS OF WIRELESS POWER TRANSFER
The excitation voltages in the transmitting coil during a switching cycle can be represented as:
Therefore, the input voltage source of the proposed system can be expressed as the fundamental component U C 1f of u C 1 in (3). The equivalent circuit is shown as Fig. 3 , where I 1 is the equivalent RMS current in the transmitting circuit, I 2 is the RMS current in the receiving circuit, R e1 and R e2 are the equivalent resistances in the transmitting circuit and the receiving circuit respectively. The relationships between current I 1 , I 2 and voltage U C 1f can be expressed as:
where
is the mutual inductance between coils, Z 1 and Z 2 are the equivalent impedances of the transmitting circuit and the receiving circuit and can be expressed as:
The relationship between ω s and switching frequency meets
And the power efficiency can be expressed as:
When the receiving circuit is in a resonant state, the impedance of Z 2 can be expressed as
Therefore, the formula (7) can be simplified as
III. PROPOSED DIMMING AND COLOUR CONTROL STRATEGY A. THE WPT AVERAGE POWER DIMMING METHOD
Defining M cycles as an entirety, each control period only generates N cycles of electromagnetic oscillations. This means the wireless energy is only transferred in N cycles, and in the rest resonant cycles of M, there is no power transferred, as shown in Fig. 4 . Defined P full as the maximum output power from the transmitting circuit, the average receiving power P out(N / M ) in the secondary side is obtained:
where η is the efficiency. In order to simplify the analysis, the system efficiency only includes the relationships between two coils. Based on (10), M is a control period whose frequency is f d , the average receiving power in the secondary side can be adjusted by changing N.
Since the conduction voltage of the LED can be treated as a constant value under different currents approximately, the current has a linear relationship with the consumed power in the LED. Defining the duty cycles as D = N /M , the working currents in the LED under the different duty cycles can be found based on (10)
VOLUME 6, 2018 Fig . 5 (a) shows the sub-circuits of PWM driving signal and modulation in Fig. 1 , and the average power dimming control method mentioned before can be easily achieved with simple circuits. S m is the modulation switch in the control block. When S m turns on, the driving signal f s is shielded, there is no wireless energy transmission. When S m turns off, the driving signal of f s will make the primary coil transmit wireless energy. Then, MCU produces a low-frequency modulation signal f d with different duty cycles to control S m , just as shown in Fig. 5 (b) . Based on (11), the average current in LED can be controlled responding to different D. As a result, the LED brightness can be adjusted.
B. THE COMMUNICATION PROTOCOLS OF WPT LED LIGHTING
Actually, the communication function shares the same hardware circuit with dimming functions, as shown in Fig. 5 (a) . A communication signal with f t is generated by MCU to control S m . When there is no energy transmission, this state can be treated as a digital signal '0'; On the contrary, when energies can be detected in the secondary side, this state can be defined as a digital signal '1'.
As shown in Fig. 1 , the detection circuit demodulates the rectified energy envelope between the received coil L 2 to obtain the corresponding color information. The demodulation circuit restores control information from the energy envelope and controls the driving signal of LED to realize color adjustment. The color of the LED lighting can be adjusted by mixing ratio among red R, green G and blue B. Since the data information only needs to be sent once during the dimming period, the quasi-decoupling control between dimming and color adjustment can be realized by using the proposed method.
In summary, the proposed control strategy contains two timing sequences, the dimming control and the color control signal respectively, as shown in Fig. 6 . The MCU generates a low frequency signal f d to adjust the average output power for dimming. The MCU also can transmit the color information by defining a baud rate frequency f t .
FIGURE 6. The timing relationships between communication and dimming.
In order to avoid the misjudgment between signals of the dimming control and the color decoding in the extreme conditions, the communication protocol frames begin with two start bits '1' and '0', and end with a stop bit '1'. The color information composes of 3 data bits in this paper, each command for the color information constitutes a six-bit binary array. Fig. 6 shows the relationships between T t and T d in the worst case that needs to transfer data '000', so T d ≥ 6T t should be met to avoid misinterpretation between dimming and communication control. At the same time, the period of a bit information should contain sufficient oscillation waveforms of the circuit. Therefore, the minimum requirements among the switching frequency f s communication baud rate f t , and dimming control frequency f d can be defined as:
IV. EXPERIMENTAL RESULTS
In order to verify the feasibility of the proposed method, the experiment is conducted and the switching frequency f s is 960 kHz. The period of PWM dimming control signals must be longer than residual time of human eyes to avoid a flickering effect. Therefore, the minimum frequency f d in this experiment sets 200 Hz, the communication baud rate f t is 7 kHz. The radius of spiral coils is 75mm with 7 turns, and the distance between two coils is 50mm. The output voltage of LED is 12V, and the maximum receiving power is 4 W.
The main parameters of the circuits are shown in Table 1 . As can be seen from Fig.7 , the duty cycle of control signals generated by the microchip can change the output power of the transmitting circuit. From top to bottom are PWM control signals, high-frequency driving signals and the driving signals on the switch. Fig.7 (a), (b) , and (c) are waveforms when the duty cycles are 30%, 50%, and 70% respectively. The average power in the receiving circuit is changed responding to the different duty cycles. Since the open circuit voltage of LED lighting keeps constant approximately, the brightness of LED lighting will also change under the different duty cycles.
In order to verify the effectiveness of the average power dimming method, the range of duty cycle of the power control signal is selected between 10% -90%. Since the average LED forward current determines the brightness of LED lighting, the forward current in LED can be used to represent the different brightness directly. Due to the reverse logic of the control circuit in this experiment, the larger duty cycle means the smaller average power in the receiving coil and the lower forward current in the LED. According to (11) , the current flowing through the LED lighting is related to the duty cycle, Fig. 8 shows the linear relationships between LED forward current and duty cycles. It can be clearly seen that the proposed WPT LED open-loop dimming method is useful to adjust the brightness. Since the lighting source generates the direct effect on biological rhythm of human body, different colors and color temperatures can be adjusted by using PWM method based on Grsassmann color law Obviously, different colors can be selected by using the pre-set duty cycles. Fig. 9 shows the format of data information for changing LED color, the above waveform is a typical communication format, and the below is the corresponding driving signal. As mentioned before, in order to avoid the interference between brightness and communication, the start bits compose with '1' and '0', color information is formed by three data bits, and the high level is defined as an end bit. After the envelope detector in the demodulation circuit, the receiving signal can be identified to determine the color of LED. 
V. CONCLUSION
In this paper, a simple and effective method is proposed to control the brightness and color of WPT LED lighting. A PWM average power modulation method is proposed to adjust the brightness of LED lighting. Using the same magnetically coupled interface and modulation circuits, the LED color control signal is transferred by detecting the envelope line of received waveforms from the secondary side of the circuit. The MCU pre-programs for a set of different colors so that a communication signal can be identified. As a result, the color selection control of the LED lighting is achieved without using any additional communication circuitry. The experimental results have demonstrated the full effective dimming of the LED and its colour selection, and this can greatly simplify the design of digital lighting systems. QIAN SIYAO is currently pursuing the M.Sc. degree in electrical engineering from the Nanjing University of Posts and Communications, Nanjing, China. His current research interests include wireless power and information transmission. He holds 15 patents in wireless/contactless power transfer and microcomputer control technologies, and has published over 200 peer-reviewed journal and conference papers, authored a monograph on wireless inductive power transfer technology, and contributed four book chapters. VOLUME 6, 2018 
